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Abstract
We review our recent measurements of the complex AC conductivity of thin InOx films studied as a function of magnetic
field through the nominal 2D superconductor-insulator transition. These measurements - the first of their type to probe nonzero
frequency - reveals a significant finite frequency superfluid stiffness well into the insulating regime. Unlike conventional fluctuation
superconductivity in which thermal fluctuations give a superconducting response in regions of parameter space that don’t exhibit
long range order, these fluctuations are temperature independent as T → 0 and are exhibited in samples where the resistance
is large (greater than 106Ω/2) and strongly diverging. We interpret this as the direct observation of quantum superconducting
fluctuations around an insulating ground state. This system serves as a prototype for other insulating states of matter that derive
from superconductors.
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The T=0 2D superconductor-insulator transition [1,2]
is a particularly beautiful and illustrative quantum phase
transition which reflects a transition between the two eigen-
states at the extremes of a superconductor’s uncertainty
relation between phase and particle number (∆θ∆n > 1).
One of the main impediments to its detailed understanding
has been the dearth of applied experimental probes other
than DC transport and tunneling. In this regard, we have
succeeded recently in performing a comprehensive AC con-
ductivity study across the superconductor-insulator tran-
sition [3,4]. These microwave measurements are in the im-
portant ~ω >> kBT limit [5] and have resolved a substan-
tial superfluid stiffness well into the insulating state.
Samples were 200 A˚-thick 3mm-diameter highly-
disordered amorphous indium oxide (α:InO) thin films
prepared by e-gun evaporating high purity (99.999%)
In2O3 on clean sapphire discs in high vacuum. All exper-
imental measures show them to be homogeneous down
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to the nanometer scale. Details of their growth and char-
acterization can be found elsewhere [3,4,6,7,8]. Complex
conductivity measurements were performed in a novel cry-
omagnetic resonant microwave cavity system at a number
of discrete frequencies ranging from 9 to 110 GHz. Details
of the measurement apparatus and our analysis scheme
can also be found elsewhere [3,4].
At low temperatures, the imaginary conductivity for a
long-range ordered superconductor is expected to have the
form σ2 = Ne
2
ωm where N is the superfluid density and e
and m are the electronic charge and mass. For a fluctuat-
ing superconductor one can define σ2 =
N(ω)e2
ωm where an
additional frequency dependence is captured by a general-
ized frequency dependent superfluid density. The superfluid
density is directly proportional to the superfluid stiffness
which is the energy scale for inducing slips in the supercon-
ducting phase. In Fig. 1 we display the field and tempera-
ture dependence of the generalized finite frequency super-
fluid stiffness measured at 22 GHz, Tθ (in degrees Kelvin)
extracted via the relation σ2 = σQ kBTθ~ω , where σQ =
4e2
hd
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is the quantum of conductance for Cooper pairs divided by
the film thickness. Similar plots can be made at other fre-
quencies. A discussion of our neglect of the normal electron
contribution to σ2 can be found elsewhere [3,4]. The finite-
frequency superfluid stiffness falls quickly with increasing
field, but remains finite above HSIT and well into the in-
sulating regime to fields almost 3 times the critical field
HSIT = 3.68T . Here the critical field has been defined by
the iso-resistance point from DC measurements that were
performed concurrently [4]. This is the first direct model-
free measure of superconducting correlations on the insu-
lating side of the 2D superconductor-insulator transition
in an amorphous film. It is the use of relatively high prob-
ing frequencies that allows us to resolve superconducting
fluctuations into the insulating part of the phase diagram.
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Fig. 1. Superfluid stiffness (∝ ωσ2) at 22 GHz given in units of
degrees Kelvin. The critical field, HSIT , defined as the iso-resistance
point in DC measurements, is shown as a white dot at H = 3.68T .
Yellow indicates maximum.
Our observation of a finite frequency superfluid stiffness
at H > HSIT is not inconsistent with an insulating T=0
groundstate. As alluded to above, our experiments are sen-
sitive to superfluid fluctuations because we probe the sys-
tem on short time scales via an experimental frequency
ωExp that is presumably high compared to an intrinsic or-
der parameter fluctuation rate ωQC close to the transition.
We note that at low temperatures and well into the insu-
lating side of the phase diagram, the superfluid stiffness
becomes temperature independent as T → 0. This shows
that the observed effects are not thermally driven and is in-
dicative of their intrinsic quantum mechanical nature. Al-
though we cannot rule out inhomogeneous superconducting
patches [9], we consider the large (106Ω/2) and strongly
diverging resistance of our samples at the highest fields and
low temperatures to at least favor an interpretation of a
material which is globally insulating.
We extract a phase diagram that establishes the exis-
tence of superconducting correlations well into the insulat-
ing state. In Fig. 2 contours are plotted which denote the
Fig. 2. 2D Field Tuned Superconductor-Insulator “Phase Diagram”.
Contours with markers are the detection limit for Tθ at specified
frequencies. Black dots on the temperature axis denote Tamp (= Tc0)
and Tphase (= TKTB) which are temperatures signifying the onset of
amplitude and phase fluctuations, respectively. They and the contour
of critical resistance appearing as a solid black line are described in
Ref. [4]. HSIT appears as a black dot on the horizontal axis. Open
symbols represent data obtained from a small linear extrapolation
beyond our maximum field of 8 Tesla.
region above which our superfluid stiffness becomes almost
indistinguishable from the normal state noise level (set at
1 % of the T → 0, H = 0 superfluid stiffness), thereby giv-
ing a measure of the extent of superconducting correlations
into the insulating regime. Although the noise is greatest
for frequency contours away from our cavity’s optimal op-
erating frequency of 22 GHz, it is evident that the higher
frequencies allows one to examine the fluctuations of the
order parameter persisting at fields higher than HSIT at
shorter length and time scales than the 9 or 11 GHz probes.
In the high-frequency limit one would expect that the detec-
tion limit would eventually extrapolate to a field where the
Cooper pairs are completely depaired. Our phase diagram
is characterized by a superconducting groundstate, a tran-
sition at HSIT to a ‘Bose’ insulating state with quantum
superconducting fluctuations and a crossover to a ‘Fermi’
insulator near a depairing field “Hc2”. We observe super-
conducting correlations not just asymptotically close to the
SIT, but in an extended region above HSIT .
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